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In normal acoustic hearing the mapping of acoustic frequency information onto the appropriate
cochlear place is a natural biological function, but in cochlear implants it is controlled by the speech
processor. The cochlear tonotopic range of the implant is determined by the length and insertion
depth of the electrode array. Conventional cochlear implant electrode arrays are designed for an
insertion of 25 mm inside the round window and the active electrodes occupy 16 mm, which would
place the electrodes in a cochlear region corresponding to an acoustic frequency range of 500—6000
Hz. However, some implant speech processors map an acoustic frequency range from 150 to 10 000
Hz onto these electrodes. While this mapping preserves the entire range of acoustic frequency
information, it also results in a compression of the tonotopic pattern of speech information delivered
to the brain. The present study measured the effects of such a compression of frequency-to-place
mapping on speech recognition using acoustic simulations. Also measured were the effects of an
expansion of the frequency-to-place mapping, which produces an expanded representation of speech
in the cochlea. Such an expanded representation might improve speech recognition by improving
the relative spatial(tonotopig resolution, like an “acoustic fovea.” Phoneme and sentence
recognition was measured as a function of lingéarterms of cochlear distangérequency-place
compression and expansion. These conditions were presented to normal-hearing listeners using a
noise-band vocoder, simulating cochlear implant electrodes with different insertion depths and
different number of electrode channels. The cochlear tonotopic range was held constant by
employing the same noise carrier bands for each condition, while the analysis frequency range was
either compressed or expanded relative to the carrier frequency range. For each condition, the result
was compared to that of the perfect frequency-place match, where the carrier and the analysis bands
were perfectly matched. Speech recognition in the matched conditions was generally better than any
condition of frequency-place expansion and compression, even when the matched condition
eliminated a considerable amount of acoustic information. This result suggests that speech
recognition, at least without training, is dependent on the mapping of acoustic frequency
information onto the appropriate cochlear place.2@03 Acoustical Society of America.
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I. INTRODUCTION propriate frequency-place mapping is of critical importance
for the design and programming of cochlear implants and
Speech recognition is adversely affected if the spectrahearing aids. These prosthetic devices can stimulate the pe-
information of speech is presented to an inappropriate coripheral auditory system with a tonotopic pattern of informa-
chlear location. For example, several studies have shown tion that is distorted relative to the normal acoustic pattern.
reduction in speech recognition when the speech spectrum Buch stimulation raises several questions: In the case of hear-
shifted up to higher frequencids.g., Daniloffet al, 1968; ing loss, can the patient’s speech recognition be improved by
Fu and Shannon, 199%r if the frequency-to-cochlear place adjusting the spectral range of speech to match the frequency
mapping is distorted nonlinearlyShannonet al, 1998.  region of her residual hearin(Braida et al, 1979; Reed
Changes in speech recognition as a result of such distortioret al., 19837 Or can the resulting frequency-place distortion
in the frequency-to-cochlear place mapping are of theoreticaictually interfere with speech understanding, as shown in
interest as an indication of the mechanisms by which speectome listeners by Turnet al. (1999? Which of these spec-
patterns are stored and retrieved in the central nervous sytal manipulations are more detrimental and so should be
tem. In addition, understanding the potential effect of an apavoided?
Several previous studies have addressed the question of
3Author to whom correspondence should be addressed. Department of Auh-oW spectral manipulations affect speech understanding. Fu

ditory Implants and Perception, House Ear Institute, 2100 W. Third St., Losand Shannor@1999 measur?d vowel re_COQnition in normal
Angeles, CA 90057. Electronic mail: baskent@usc.edu hearing(NH) and cochlear implan(Cl) listeners when the
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acoustic spectral information was mapped to cochlear locadelivered to the audible range of the patient. The main tech-
tions that were shifted apically or basally relative to theniques used for this purpose were slow playback, frequency
acoustic location for that informatioffor NH listenerg or  shifting, vocoding, and zero-crossing-rate division. In terms
relative to each listener’s clinical frequency-to-electrode mapyf frequency-to-place mapping most of these manipulations
(for CI listeners. -They_ found that vowel recognition Was consisted of a compressed apical cochlear shift. Breid.
robulstfto }OnOtOp'ﬁ_fSh'fﬁ]_uD to :Ig mm, r?m drolf)p(_a(:] S'Ign'f!'(1979 reviewed frequency compression/shifting studies and
cantly or farger shi ts. This _re_sut m_atc es well with ¢ assi concluded that frequency lowering did not result in any sub-
cal studies on frequency shiftin@aniloff et al,, 1968; Na- o . .

stantial improvement in speech recognition, and often de-

gafuchi, 1976; Tiffany and Bennett, 1961 ) e
In a similar study, Dormaret al. (1997 measured the creased the performance compared to simple amplification.

effect of a shift in mm between the acoustic frequency rang&keedet al. (1983 evaluated the effect of frequency lowering
presented and the cochlear range to which it was presente@! consonant recognition in a more systematic way, para-
In the acoustic simulations the analysis filter bands werdnetrically varying the frequency compression scheme from
fixed, and sine wave carriers were shifted in mm along thdinear compression to nonlinear frequency-place warping.
cochlea relative to the normal acoustic place for that infor-The results from this study confirmed that frequency lower-
mation. Speech recognition performance dropped as thiag did not improve consonant recognition. Linear frequency
stimulated electrode locations were shifted basally from theompression, where the whole frequency range was com-
normal tonotopic location. pressed, resulted in worse consonant recognition scores than
Shannoret al. (1998 measured speech recognition un- 5 frequency warping compression in which only higher fre-

der conditions that pr_oduced a nonlinear_warping of thequencies were spectrally compressed and lowered.
frequency-place mapping. They used a noise-band vocoder These studies provide insight into the mechanisms used

to implement a logarithmic or exponential transformation be-, . o
. by the central nervous system for storing and retrieving tono-
tween acoustic frequency and the normal cochlear place for’ . .
topic patterns of speech. If speech patterns were stored in a

that frequency. Although four spectral channels of informa- "~ ; . . .
tion were presented, listeners’ performance with the Warpedposmonally relocatable” fashion, then a tonotopic shift that

mapping dropped to the same level as that seen with a Sing@aintained the overall spatial distribution should still be in-
channel noise vocoder. This result suggests that nonlinedglligible. This is clearly not the case, because frequency
frequency-place warping can eliminate listeners’ ability toshifting usually reduces speech recognition. If only the rela-
utilize spectral cues. tive order of spectral features were important, then mono-
As an extension to previous studies dealing withtonic alterations in the tonotopic pattern would still be intel-
frequency-place distortions, the present study explored thkgible. This is also not the case, because frequency shifting
effects on speech recognition when the acoustic frequencysually reduces speech recognition. The present experiment
range delivered is larger or smaller than the normal cochleaf,zg designed to further quantify the importance of linear
range. _ . compression or expansion of the tonotopic pattern of infor-
Note that neither the present study nor the previous stud,ation (in cochlear mnn If the central pattern recognition

les discussed above address the potential effects of Ieamm%/stem stores and retrieves information in terms of the rela-
Research by Roseet al. (1999 showed that, following a . . o
y (1999 g ive tonotopic pattern, then it might be able to tolerate a

short training process, listeners could partially adapt to basaf— . . . .
ward spectral shifts of as much as 6.5 mm. Another stéidy substantlallamount of linear compression gr expansion.

et al, 2002 showed significant improvement over the first | N€S€ issues are not only noteworthy in terms of under-
few days by cochlear implant patients using a 2—4-mm apistanding the relative importance of peripheral vs central pat-
cally shifted frequency-place map, but only little change wagern recognition for speech, but are of critical importance
observed over the following 3 months. At the end of thefor the design and fitting of cochlear implants and hearing
3-month training period consonant and HINT sentence recaids. In a cochlear implant, the electrode array is typically
ognition scores were comparable to the baseline scoremserted into the scala tympani, reaching a depth of 20-30
while vowel and TIMIT sentence recognition scores weremm inside the round window. The average insertion depth
still significantly lower than the baseline scores obtainedrom 20 Nucleus implant patients was estimated to be 20 mm
with the patient’s own clinical map before the beginning of by, kettenet al. (1998. However, newer electrode designs
the test. In the present experiments the emphasis is on spee&}/b intended to achieve array insertions as deep as 30 mm
pattern recognition without any training. The intention Was Gstoettnekt al, 1999. The active stimulation range is typi-

to test the ability of central pattern recognition mechanlsmsCally 16 mm in length for Clarion | and Clarion II, and 16.5

to accommodate alterations in the peripheral pattern of infor- . ;
mation with no time to adapt. mm for Nucleus 22 and Nucleus 24 devices. According to

Frequency compression has historically been used in aff"€&nwood's(1990 frequency-to-place equation, and as-
attempt to increase the performance of hearing aids. MostUMing a 35-mm cochlear length in humans, this stimulated
hearing aid users have hearing loss at high frequencies wittPchlear region corresponds to an acoustic frequency range
residual hearing at lower frequencies. To make better use ¢ff 500—6000 Hz in humans for a 25-mm insertion depth, and
this residual hearing the spectrum of the speech was loweregh acoustic frequency range of 1-12 kHz for a 20-mm inser-
and compressed so that the entire speech information wa®n depth of the electrode array. Present cochlear implants
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offer only a limited choice of analysis filters, which cannot consonant they heard from the set of 14 possible consonants
be changed individually to match a given patient’s electrodalisplayed on the screen. The resulting consonant confusion
location. Most commercial implant speech processors assigmatrices were analyzed for information received on the
a wider fixed acoustic frequency range to this limited co-production-based categories of voicing, manner, and place of
chlear region regardless of the length or the insertion depthrticulation (Miller and Nicely, 1955%. Chance performance
of the electrode array. For example, Clarion Il assigns arevel for this test was 7.14% correct, and the single-tailed
acoustic range of 350—8000 HAdvanced Bionics Corpo- 95% confidence level was 11.77% correct based on a bino-
ration, 200) and the default frequency allocation of the mial distribution.
Nucleus-22 implantSPEAK strategy Table)%assigns a fre- Vowel stimuli were taken from the phoneme set re-
quency range of 150 Hz—10 kHz to the electrofi@echlear  corded by Hillenbranckt al. (1995 at a 32-kHz sampling
Corporation, 199 The latter acoustic range would nor- rate. The tokens were presented to the listeners in random
mally cover a 25-mm range in the cochlea, specifically fromorder via custom softwar@Robert, 1998 and subjects were
5 to 30 mm from the round window, rather than the 16.5 mminstructed to select the vowel they heard from the set of 12
covered by the electrode array. Thus, mapping the larggsossible vowels displayed on the screen. Ten presentations
acoustic frequency range onto the electrode array results in@@ve male and five female talkersvere made of 12 medial
compression of the frequency-to-place mapping. In some corowels, including 10 monophthongs and 2 diphthongs pre-
chlear implant patients there may also be a tonotopic shifsented in anh/-vowel-[d/ context(heed, hid, head, had, hod,
due to the discrepancy between the actual electrode locatidiawed, hood, who'd, hud, heard, hayed, ho&hance level
and the acoustic information assigned. The present experpn this test was 8.33% correct, and the single-tailed 95%
ment evaluated the effect of frequency-place compression ogonfidence level was 12.48% correct based on a binomial
speech recognition in normal-hearing listeners in conditiongjistribution.
that simulated two implant electrode insertion depths. Recognition of words in sentences was measured using
In addition to compression, frequency-place expansiolhe custom softwaréTIGER SPEECH RECOGNITION SYSTEM
was also evaluated. In this condition, the midfrequency redeveloped by Qian-Jie Fuwith Texas Instruments/
gion was expanded in terms of its representation in the coyassachusetts Institute of Technolo@ARPA/TIMIT) cor-
chlea, effectively increasing the sensory resolution withinpys of sentence material®lational Institute of Standards
this frequency range. This frequency-place expansion ignd Technology, 1990The sentences were of moderate-to-
analogous to the “acoustic fovea” in bats or cetaceanshard difficulty, such that individual words were difficult to
where a large portion of the cochlea is devoted to the smalyredict from the context of the sentence, and sentences were
frequency region used for echolocatitg., Echteleet al,  spoken by multiple talkers. For each condition, the percent-
1994. While this type of expansion results in the loss of correct score was acquired for 20 sentences of varying length
some acoustic information, the most critical spectral infor-from each listener. The length of the sentences varied from 3
mation is presented to a larger cochlear region, resulting ijyords to 12 words. The groups of 20 sentences were pre-
better neural resolutiofincreased mm/Hawithin that range.  pared such that the average word length per sentence was
6—8 words. They were presented without any context infor-
Il. METHOD mation and no sentences were repeated to an individual lis-
A. Subjects tener. Sentences were not balanced for difficulty, so 20 sen-
. L . ences were used for each condition to obtain a sample that
Six normal-hearing listeners, aged 26 to 34, part'c'pate‘%ncluded varying levels of difficulty. In addition, the order of

:2 thf stUd)é- ﬁ‘” ds;JhbJeckt}s I\(/jvert()a Eat'\;ﬁ Sp;gkss SLATe”E‘T’IQhe presentation of sentences was completely randomized us-
ngiish and had thresholds better than atau IO|'ng a random number generator for each subject so that all

metric frletgjuznfues ?hetwee? 125 and SQtQO ':['Z' t?)ne subje tubjects heard different sentences for different conditions.
was excluded Irom the sentence recognition test because s nsequently differences arising from varying difficulty of

was already familiar V_V'th the sentences in the database. Ar}he sentences were randomly distributed across different con-
other 32-year-old subject was added to the sentence recog

fion test to maintain six subjects for each test "Yitions and different subjects. Subjects were asked to repeat

' what they had heard. The percent-correct score was obtained
by counting the percentage of words repeated correctly by
the subject.

The speech recognition tasks consisted of medial vowel This study concentrates on effects of frequency-place
and consonant discrimination, and sentence recognition. Akompression and expansion on speech recognition without
stimuli were presented via a loudspeaker in a sound field any learning effects. We typically observe a short-term adap-
70 dB on an A-weighted scale. tation to the test procedure by inexperienced subjects where

Consonant stimuli were taken from materials recordedall scoreqregardless of the conditipincreased slightly over
by Turneret al. (1992, 1999 and Fuet al. (1998 at a 44.1- the first 3 days of the testing. However, the scores remained
kHz sampling rate. Six presentatiofthree male and three more or less stable after this initial adaptation period. This
female talkerswere made of 14 medial consonaritsd/f g  was not observed with subjects who already had experience
kmnpsftOvz/, presented in ara/-consonanta/ context.  in similar experiments. To minimize any learning effects for
Tokens were presented in random order by custom softwarthe specific experimental conditions no practice was pro-
(Robert, 1998 and subjects were instructed to select thevided on any conditions prior to data collection, even for

B. Stimuli
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TABLE I. Frequency-place mismatch conditions for the 4-channel processor at the simulated 20-mm electrode
insertion depth. The name of each condition represents the change in frequency range expressed in mm between
the analysis and carrier bands. For each condition the table lists the following information for the analysis
bands: cochlear location in mm from the round window, cutoff frequencies for a 4-band processor, and total
frequency range. Because the simulated electrode location was fixed, the noise carrier bands covered the
frequency range from 1168 to 11 837 Hz in all conditions, and the frequency partition of carrier bands was as
shown in the center entry.

Cochlear
location
of Bandpass filter Frequency range
Frequency-place analysis cutoff frequencies of analysis
mismatch bands for 4 channels bands
condition (mm) (Hz) (Hz)
—5 mm (expansion 15-9 2476 3080 3822 4736 5860 2476-5 860
—3 mm (expansioh 17-7 1843 2663 3822 5459 7771 1843-7771
—1 mm (expansioh 19-5 1363 2301 3822 6289 10290 1363-10 290
0 mm (matching 20-4 1168 2138 3822 6749 11837 1168-11 837
+1 mm (compression 21-3 999 1985 3822 7243 13612 999-13612
+3 mm (compression 23-1 722 1710 3822 8337 17 990 722-17 990
+5 mm (compression 25-0 513 1471 3822 9594 23762 513-23762

new subjects, and no feedback was given in any part of thetimulation region in the cochlea were obtained from white
testing. In addition, to reduce a possible adaptation to a panoise by sixth-order Butterworth filters where the cutoff fre-
ticular condition, all conditions with all stimuli were pre- quencies { 3-dB points were determined by the condition.
sented to subjects in a completely random order. Thereforehe extracted speech envelopes were used to modulate the
any effects of learning on scores would be distributed acrossoise carrier bands, and all modulated noise bands were
different conditions with different subjects. combined to form the processed speech. The amplitude level
of the processed speech was adjusted such that the original

C. Signal processing and processed tokens had the same overall rms energy.

The noise-band vocoder technique described by Shal
non et al. (19995 was implemented iIMATLAB to generate
the stimuli. First, speech materials were bandpass filtered Speech materials were processed using 4, 8, or 16 fre-
into a number of contiguous frequency bands by sixth-ordeguency bands. Two different electrode array locations were
Butterworth filters. The-3-dB cutoff frequencies were de- simulated, representing insertion depths of 20 and 25 mm
termined according to Greenwoodd990 frequency-to- from the round window. For all expansion and compression
place mapping equation. The exact frequency ranges and cutenditions the stimulation region covered by the simulated
off frequencies were determined depending on the specifielectrode array was fixed at 16 micomparable to the typi-
experimental conditiongsee Tables | and )l The speech cal length of the electrode array for many implant devices
envelope was extracted from each band by half-wave rectifthe 20-mm insertion depth condition simulated an electrode
fication and low-pass filtering using a third-order Butter-array located between 4 and 20 mm from the round window,
worth filter whose output was 3 dB down at a cutoff fre- and the 25-mm insertion depth condition simulated a loca-
guency of 160 Hz. The noise carrier bands representing thigon between 9 and 25 mm from the round window. Because

rB. Mapping conditions

TABLE II. Frequency-place mismatch conditions for a 4-channel processor at the simulated 25-mm electrode
insertion depth. For each condition the table lists the cochlear locations of the analysis bands, cutoff frequencies
of the bandpass filters, and the total analysis frequency range. The noise carrier bands were fixed between 513
and 5860 Hz with the partition shown as in the center of the table. Teemm condition is the one most

similar to frequency-to-electrode assignment used in a cochlear implant with a full electrode insertion.

Cochlear
location
of Bandpass filter Frequency range
Frequency-place analysis cutoff frequencies of analysis
mismatch bands for 4 channels bands
condition (mm) (Hz) (Hz)
—5 mm (expansion 20-14 1168 1471 1843 2300 2864 1168-2 864
—3 mm (expansion 22-12 851 1262 1843 2663 3822 851-3822
—1 mm (expansion 24-10 611 1081 1843 3080 5085 611-5 085
0 mm (matching 25-9 513 999 1843 3310 5860 513-5860
+1 mm (compression 26-8 428 922 1843 3557 6 750 428-6 750
+3 mm (compression 28-6 290 785 1843 4106 8944 290-8 944
+5 mm (compression 30-4 184 665 1843 4736 11837 184-11 837
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compression: acoustic analysis bands apical and basal ends, causing a frequency-place compres-
sion of approximately 2 octaves. Similarly, in the5-mm
condition, the analysis band range was 5 mm shorter on each
i b end, causing a frequency-place expansion of about 2 octaves.
The +5-mm compression condition in Table | most closely

o Polsecamerbands 2 simulates the typical frequency-place compression observed
in the standard clinical map of the Nucleus speech proces-
matching: acoustic analysis bands sors. Also, +5-mm compression and-5-mm expansion
conditions for the simulated 25-mm insertion depth are
shown schematically in Fig. 1, as well as the matching case.
Here, one can see that the simulated electrode locations are
| | | | ) from 9 to 16 mm from the round window and the frequency
9mm noise carrier bands 25mm . . . .
5.8kHz 510Hz range used to modulate each noise carrier band is different
expansion: acoustic analysis bands for every COﬂdI'[IOI"I.. .
1amm Somm As the analysis filters were changed fromb-mm to
2.9kHz 1.1kHz +5-mm conditions, the amount of acoustic information de-
livered was changed. An important control condition was
| I | included to evaluate the effect of the varying amount of
9mm noise carrier bands 25mm acoustic information. In these control conditions the analysis
5.8kHz 510Hz bands and noise carrier bands were always matched in fre-

FIG. 1. Frequency-place mapping conditions for 4-channel processor at thgU€NCcy place. These ba_-se"n? conditions Were.nm intended t_O
simulated 25-mm electrode insertion depth. For this condition the noisssimulate any electrode insertion depth or spacing, because in
carrier tba”tdsd }Neret‘;‘]xe@—f?mgm 310—3300 ?fTheiﬁefc?henV?'ope a cochlear implant the electrode position and length are fixed
was extracted from the analysis bands and used to modulate the noise carr . : L
bands. The top panel shows the5-mm compression condition schemati- gfter the |mplant surgery. R,ather’ the baseline co'ndltlons (_)nly
cally: the analysis bands are mapped onto narrower carrier bands. THaSSESS the effect of changing the overall acoustic bandwidth.
middle panel shows the 0-mm condition schematically, in which the analysif?erformance in the baseline condition indicates the effect of
and carrier bands are matched. The lower panel shows fienm expan-  the gain or loss of acoustic information resulting from the
sion condition schematically, in which analysis bands are mapped Om%xpansion or truncation of the analysis frequency range The
wider carrier bands. ; . . .
difference in performance between the baseline condition
and the compression—expansion condition is due to the

the stimulation region was fixed at 16 mm, electrode Ioca_frequency-place distortion only.

tions were represented by noise bands that were 4 mm wide

in terms of cochlear location for the 4-band condition, 2 mm”" RESULTS

wide for the 8-band condition, and 1 mm wide for the 16- Percent-correct scores for consonants, vowels, and sen-
band condition. tences were obtained with 4-, 8-, and 16-channel processors

In the simulation, the noise carrier bands determine theit simulated insertion depths of 20 and 25 mm. In Figs. 2-9,
cochlear location stimulated. The “acoustic analysis bands’the number of channels increases from 4 to 8 to 16 in the
are the filters used to process and extract the acoustic envieft, middle, and right panels, respectively, of each figure.
lope information used to modulate the carrier bafélg. 1).  The average percent-correct scores of six subjects, corrected
The distribution of carrier bands was kept fixed for eachfor chance [p=100*(score-chandé(100-chance), are
simulated insertion depth while the analysis bands were syslotted for consonant and vowel recognition. The average
tematically altered to create the conditions of frequencyscore of six subjects is plotted for sentence recognition.
place expansion or compression. Within each panel the filled symbols present results from the

The cutoff frequencies of each analysis band and théaseline conditions in which analysis and carrier bands were
related cochlear locations for the 4-band processors are surakways matched, and the open symbols present results from
marized in Table | for the 20-mm simulated insertion depth,the experimental conditions in which the frequency-place
and Table Il for the 25-mm simulated insertion depth. Filtersmapping was expanded or compressed.
for the 8- and 16-band conditions were determined by divid-A Consonants
ing the four bands into two or four equal pafis mm) and '
using Greenwood'61990 formula to determine the acoustic The consonant recognition scores are presented in Fig. 2
frequencies for the band edges. The 0-mm condition refers tfor the 20-mm simulated insertion depth and Fig. 3 for the
a perfect match between analysis and carrier bands. Thus, t28-mm simulated insertion depth.
cochlear location and frequency cutoffs listed for the 0-mm  First, consider the data from the baseline conditions
condition specify the fixed locations and frequencies of both(filled symbolg, where the analysis and carrier bands were
analysis and carrier bands. Cochlear locations are all specélways matched. Consonant recognition increased only
fied in terms of mm from the round window, using Green-slightly as the analysisand matched carrigrbands were
wood'’s (1990 formula, assuming a 35-mm cochlear lengthwidened (+5-mm baseline conditionfrom the simulated
for the human. In thet5-mm condition, the analysis band electrode range. However, as the analysis and carrier bands
range was 5 mm wider than the carrier band range on botlvere narrowed { 5-mm baseline conditigrthere was a loss
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FIG. 2. Consonant recognition percent scores for the simulated 20-mm ele¢!G- 3. Consonant recognition, similar to Fig. 2, but for carrier bands simu-
trode insertion depth, as a function of compression or expansion in théating & 25-mm insertion depth.

frequency-place mapping. The number of spectral bands increases from 4 to

8 to 16 in the left, middle, and right panels, respectively. The percent-correct . . . "

scores represent the average performance of 6 normal-hearing subjects, céXPansion/compression mismatch conditions from the

rected for chance, and the error bars represent the standard deviation. Filledatched condition. Each run included only the expansion or

symbols denote the baseline condition where the carrier bands were alwa)&)mpression percent scores in addition to the 0-mm matched
matched to the analysis band frequency range. Open symbols denote t

e . . . . p
compression—expansion conditions where the carrier bands were fixed arlﬂbercent score at a particular |n'_sert|on depth with a §peC|f|C
the analysis bandwidth was varied. The stars at the bottom of the figurumber of channels. The baseline scores were not included

denote significant differences between the baséfitied symbolg and mis-  in the ANOVA to isolate the effect of expansion or compres-
match(open symbolsconditions: one star indicatgs<0.05, two stars for  gjgn only on speech recognition. The baseline condition was
p=0.01, and three stars fqr<0.001. compared to the corresponding mismatch condition with
paired t-tests.

of acoustic informatior{due to the reduced acoustical band- The analysis revealed that all frequency expansion con-
width) that resulted in lower consonant recognition. This re-ditions reduced performance significantly from the 0-mm
duction in consonant recognition was more severe in thenatched condition. Correspondifrgandp values are shown
simulated 20-mm insertion depth conditifig. 2) because in Table IIl. A substantial amount of this drop was due to the
more low-frequency information was eliminated. loss of acoustic information, as indicated by the filled sym-

Next, consider the data from the experimental mismatchbols. An additional drop was observed for some conditions
conditions (open symbols where the analysis filter fre- when the frequency-place mapping was expandegen
guency range was smaller, equal to, or larger than the simwsymbols.
lated electrode length, resulting in frequency-place expan- A paired t-test analysis compared the baselifiked
sion, matching, or compression, respectively. Note thasymbolg and expansioriopen symbolsperformance. Con-
performance in the mismatched conditions was always equaditions that are significantly different are indicated with stars
to or poorer than the baseline conditions. Thus, there are twon the bottom of the figure. One star denotes significant dif-
contributing factors to the reduced performanc®:the re- ference with ap value of p<0.05, two stars denot@
duction in the amount of information delivered, a(®] the = <0.01, and three stars denqieZ0.001. The analysis shows
distortion in frequency-place mapping. a significant difference for-3-mm expansion for most pro-

A one-way repeated-measures ANOVA test was used teessors at both insertion depths. The difference was generally
assess the significance of the drop in the performance withot significant for—5-mm expansion, possibly because the

TABLE Ill. F andp values calculated with one-way repeated-measures ANOVA for expansion and compres-
sion mismatch conditions for consonant recognition at 20-mm and 25-mm simulated insertion depths.

Expansion at Compression at
20-mm insertion F(3,15) p 20-mm insertion F(3,15) p
4 channel 54.60 <0.001 4 channel 0.01 1
8 channel 89.05 <0.001 8 channel 0.23 0.87
16 channel 117.79 <0.001 16 channel 0.66 0.59
Expansion at Compression at
25-mm insertion F(3,15) p 25-mm insertion F(3,15) p
4 channel 15.10 <0.001 4 channel 7.40 <0.01
8 channel 62.60 <0.001 8 channel 26.99 <0.001
16 channel 90.26 <0.001 16 channel 15.38 <0.001
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have found 30%—40%-correct consonant recognition even 4 channel | 8channel
for single-channel noise processors, indicating that this level Place
of performance is possible using only temporal cues: Van
Tasellet al, 1987; Shannoet al, 1995. The difference was
also not significant for- 1-mm expansion, which produced
performance similar to the 0-mm matched condition.

50 1 T

*

Thus, even though the cochlear tonotopic representatior ot * ) ) ,
of the spectral information was expanded, resulting in im- . 1 Manner ' '
proved spectral resolution within the pattern, performance. W W
was poorer than the matched condition. This result suggest:@
that improved resolution in the spectral domain does not nec-£ ;|
essarily improve speech recognition, probably because th(g
information is not in the appropriate cochlear place. In the
present experiment, which did not provide any practice or £
time to accommodate to the new mapping, expansion in“_g ' }
frequency-place mapping always resulted in poorer conso- 19T Voicing
nant recognition. It is possible that additional practice with
the experimental processors would have resulted in improvec
performance. 50 1

Frequency-place compression did not have a significant
effect on consonant recognition for the 20-mm simulated in-
sertion depth, yet there was significant decrease from the 0+ 1 1 1
matched 0-mm conditiofl0%—20% drop at-5-mm com- y t = ' == ' '
pression in performance for the 25-mm simulated insertion
depth(as shown in Table I)l For the extreme condition of
frequency-place compressior6 mm) there was a signifi- FiG. 4. Information transmission percent scores for consonant features at
cant reduction in performance of 10%—-15% relative to the20-mm simulated insertion depth as a function of frequency-place mismatch
baseline condition for 8- and 16-channel processors. conditions. The featurgs_ are'grouped intq production-based categories of

There was no clear difference between the pattern 0sg_lace, manner, and voicing, in the top, middle, and bottom rows, respec-

ively. The number of spectral bands increases from 4 to 8 to 16 in the left,
results for 4, 8, and 16 channels other than the overall immiddle, and right panels, respectively.
provement in performance with more channels.
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ner information received at 25-mm simulated insertion depth
was only slightly affected. Yet, both manner and voicing in-
formation transmission scores dropped significantly with ex-
Information transmitted on the consonant features ofansion(see Table IV for corresponding and p values.
place, manner, and voicing is plotted in Figs. 4 and 5 forAlso, the compression/expansion mismatch scores were
20-mm and 25-mm simulated insertion depths, respectivelysimilar to baseline scores for manner and voicing, implying
Within each figure the top, middle, and lower panels showthat these features are mostly affected by the bandwidth of
the percent of information transmitted on place, manner, an@coustic information. The performance for both features was
voicing, respectively. similar for different number of channels and for the two
Information transmission percent scores are calculatedimulated insertion depths.
from the confusion matrices where the diagonal entries are  In contrast, place information was strongly affected by
the numbers of correct answers and the off-diagonals are tfexpansion at both simulated insertion depths, and by com-
confusions. A measure for the transmission of information igoression at 25-mm simulated insertion degfable 1V). The
the covariance between the input and the output, as given byverall pattern of the performance changed from 20-mm in-
sertion to 25-mm insertion, and the information received in-
Cov(x,y)=— >, Pij Iog%, creased with increasing number of channels. This pattern is
i Pij very similar to the consonant recognition results of Figs. 2
wherep;, p;, p;; are directly related to the frequencies of and 3, and the_rgfore it appears that the_ ove_rall shapg of con-
sonant recognition performance was primarily determined by

occurrences of stimulus responsg, and joint occurrence ) . . )
of stimulusi and responsg, respectively. Next, the covari- the loss of place information. This observation agrees well

ance is converted to the information transmission percent/ith Previous studies, which found that manner and voicing
score by normalization such that it yields 100% when theCUeS aré more robust to spectral manipulati¢gsannon
subject identifies all phonemes accurat@iller and Nicely, etal, 1998.
1955.

Note that information received on manner at 20-mm
simulated insertion and on voicing at both insertion depths  Vowel recognition scores for simulated 20-mm and
was not affected by frequency-place compression, and mar25-mm insertion depths are presented in Figs. 6 and 7, re-

B. Consonant feature analysis

C. Vowels
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FIG. 6. Vowel recognition percent scores for carrier bands simulating a
20-mm insertion depth, as a function of compression or expansion in the
frequency-place mapping. The number of spectral bands increases from 4 to
8 to 16 in the left, middle, and right panels, respectively. The percent-correct
scores represent the average performance of 6 normal-hearing subjects, cor-
rected for chance, and the error bars represent the standard deviation. Filled
symbols denote the baseline condition where the carrier bands were always
matched to the analysis band range. Open symbols denote the compression—
expansion conditions where the carrier bands were fixed and the analysis
bandwidth was varied. The stars at the bottom of the figure denote signifi-
cant differences between the baselifited symbolg and mismatcHopen
symbolg conditions: one star indicatgs<0.05, two stars fop<0.01, and

three stars fop<0.001.

FIG. 5. Consonant feature information transmission, similar to Fig. 4, but
for carrier bands simulating a 25-mm insertion depth.

J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003

match conditions £ and p values obtained by one-way
spectively. Vowel recognition was much more strongly af-repeated-measures ANOVA are given in Tablg @verall
fected by frequency-place mismatch than consonant recognperformance improved as more spectral bands were used but
tion; performance decreased significantly from the matchethe pattern of results was similar for 4, 8, and 16 bands. For
0-mm condition with both expansion and compression mis8 and 16 channels, vowel recognition decreased as the analy-

TABLE IV. F andp values calculated with one-way repeated-measures ANOVA for expansion and compres-
sion mismatch conditions for consonant feature recognition at 20-mm and 25-mm simulated insertion depths.

. Place Manner Voicing
Expansion at
20-mm insertion F(3,15) p F(3,15) p F(3,15) p
4 channel 63.42 <0.001 9.09 <0.01 6.90 <0.01
8 channel 63.01 <0.001 10.18 <0.001 12.97 <0.001
16 channel 347.90 <0.001 21.15 <0.001 25.77 <0.001
Compression at
20-mm insertion
4 channel 1.55 0.24 1.51 0.25 4.47 <0.05
8 channel 1.48 0.26 0.16 0.92 3.52 <0.05
16 channel 2.49 0.10 2.43 0.11 0.62 0.62
Expansion at
25-mm insertion
4 channel 2.19 0.13 8.98 <0.01 6.10 <0.01
8 channel 38.92 <0.001 24.90 <0.001 16.32 <0.001
16 channel 55.35 <0.001 72.88 <0.001 26.62 <0.001
Compression at
25-mm insertion
4 channel 7.46 <0.01 3.77 <0.05 1.19 0.35
8 channel 25.38 <0.001 5.06 <0.05 0.75 0.54
16 channel 15.59 <0.001 15.43 <0.001 6.04 <0.01
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FIG. 7. Vowel recognition percent scores for noise carrier bands simulatind=1G. 8. Sentence recognition percent scores for noise carrier bands simulat-

a 25-mm electrode insertion depth, as a function of compression or exparing a 20-mm electrode insertion depth, as a function of compression or

sion in the frequency-place mapping. expansion in the frequency-place mapping. The number of channels in-
creases from 4 to 8 to 16 in the left, middle, and right panels, respectively.
The percent-correct scores represent the average performance of 6 normal-

sis frequency range was reducéshseline condition going hearing subjects, and the error bars represent the standard deviation. Filled

from +5mm to—5 mm) and a further drop in recognition symbols denote the baseline condition where the carrier bands were always
’ P 9 matched to the analysis band frequency range. Open symbols denote the

was seen for both frequ_enCY'place compression and expaBsmpression—expansion conditions where the carrier bands were fixed and
sion as a result of the mismatch. the analysis bandwidth was varied.

As in consonant recognition the stars at the bottom of
each panel indicate significant difference between baseline Note that there was probably a floor effect for the ex-
(filled symbolg and mismatcliopen symbolsconditions de-  pansion conditions with the simulated 20-mm insertion,
termined by paired t-test. where increasing the number of channels did not increase the
For 8- and 16-channel processors both frequency-placgteliigibility (Fig. 6, leftmost data point of each paheoth
expansion of-5 mm and compression &f5 mm resulted in - —5.mm and- 3-mm expansion results were close to chance
a 20%-30% drop in recognition compared to the matchegevel, which might be due to the loss of all low-frequency
condition(the flat performance with the 4-channel Processolinformation below 1850 Hz -63_mm condition or below
at 25-mm insertion depth may have been limited by the over2476 Hz (- 5-mm condition.
all poor level of performange Note that the Nucleus co-
chlear implant processor mentioned above typically uses B S
frequency-place assignment that is similar to th&-mm - Sentences
compression condition, which produced a significant reduc-  The percentage of words recognized in TIMIT sentences
tion in vowel recognition. is presented in Figs. 8 and 9 for 20-mm and 25-mm simu-
Although a reduction in the acoustic frequency rangelated insertion depths, respectively. Due to the limited num-
normally causes a drop in performance, Fig. 7 shows an imber of sentence sets available, the matched baseline perfor-
provement in vowel recognition for the baseline expansiommance was measured only for extreme mismatch conditions
condition for 4-channel processor at 25-mm insertion(—5-mm expansion and+5-mm compression For all
[F(6,30)=4.13,p<0.01]. This improvement could be due numbers of channels and both simulated insertion depths the
either to an increase in resolution or to a better frequencyest performance was obtained when the analysis and carrier
partition of the analysis bands. bands were matched.

TABLE V. F andp values calculated with one-way repeated-measures ANOVA for expansion and compression
mismatch conditions for vowel recognition at 20-mm and 25-mm simulated insertion depths.

Expansion at Compression at
20-mm insertion F(3,15) p 20-mm insertion F(3,15) p
4 channel 40.26 <0.001 4 channel 14.28 <0.001
8 channel 78.55 <0.001 8 channel 14.86 <0.001
16 channel 235.08 <0.001 16 channel 2.05 0.15
Expansion at Compression at
25-mm insertion F(3,15) p 25-mm insertion F(3,15) p
4 channel 1.29 0.31 4 channel 1.95 0.17
8 channel 32.67 <0.001 8 channel 22.31 <0.001
16 channel 39.54 <0.001 16 channel 32.94 <0.001
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matched to its normal acoustic cochlear place. In most con-
ditions, altering the frequency-place mapping by either com-
pression or expansion resulted in poorer speech recognition.

A. Implications for cochlear implants

The present study observed a reduction of approximately
20 percentage points in vowel and sentence recognition
when a frequency range was compressively mapped onto a
cochlear range that was smaller by 2 octave${mm com-
pression condition Even though a broader frequency range
of acoustic information is presented in this condition, perfor-
mance was reduced due to the distortion in the frequency-
place assignment. This compressive frequency-to-place map-
ping is similar to the mapping used in Nucleus cochlear
implant systems, in which the acoustic frequency range of
150 Hz to 10 kHz is typically mapped onto electrodes that

FIG. 9. Sentence recognition percent scores for noise carrier bands simulaéccupy the cochlear locations that normally respond to an

ing a 25-mm electrode insertion depth, as a function of compression or.
expansion in the frequency-place mapping.

Note that the drop in performance for frequency-place
expansion {5 mm) was dramatic compared to the matched®
condition (Table VI). Performance at the-5-mm condition
drops to 5% correct for the 20-mm simulated insertion depth,
and 15% for 25-mm insertion depth for all three spectralJ
resolutions. For the 16-channel processor this drop waf
75—-80 percentage points. Although much of this loss wa
due to the information lossfilled symbolg, there was an
additional 20-40-point drop in performance due to the
frequency-place expansion at the 25-mm simulated insertio

depth.

A smaller drop in performance was observed for
frequency-place compression. There was a drop of 15—
percentage points from the 0-mm baseline condition to th
+5-mm baseline condition, even though the overall fre-
guency range increased by about 2 octaves. There was
additional drop of 20-30 percentage points from the
+5-mm baseline to ther5-mm compression condition.
This +5-mm compression condition is similar to the typic
frequency-place assignment used in Nucleus cochlear i

plants.

IV. DISCUSSION

acoustic range of only 500—6000 Hz. This result implies that
speech recognition performance in cochlear implants might
be improved by as much as 20% if the frequency range for
ach electrode could be mapped according to the normal
acoustic characteristic frequency of that cochlear location.
How can a cochlear implant speech processor be ad-
usted to achieve the best mapping of frequency information
nto the most appropriate cochlear place, given the variabil-

&y in cochlear length and electrode insertion depth across

patients? In implant listeners there is uncertainty in the exact
location of the electrodes and further uncertainty as to the
h)cation of the stimulated neurons. Recent advances in im-
aging technology allow sufficient resolution to evaluate the

depth of electrode insertion and to detect the presence of any

998. However, these imaging procedures are costly, time
consuming, deliver large doses of radiation, and still may not
ﬁﬁovide all of the necessary information. For example, even

nowledge of the exact cochlear location of an electrode is
no guarantee that the stimulation of neurons is actually oc-
curring at that location. The actual stimulation location can

ze%inks or abnormalities in the electrode carri&ettenet al,,

npe affected by the pattern of local nerve survival or by un-

usual current pathways due to bone growth and fibrous
blockage. In addition, the actual site of stimulation may be in
the spiral ganglion, whereas Greenwood’s formula holds for
stimulation at the basilar membrane. These factors produce

The best speech recognition performance was alwayadditional uncertainties regarding the appropriate frequency-
observed in conditions where frequency information wasplace mapping in implant patients. The data presented above

TABLE VI. F andp values calculated with one-way repeated-measures ANOVA for expansion and compres-
sion mismatch conditions for sentence recognition at 20-mm and 25-mm simulated insertion depths.

Expansion at

Compression at

20-mm insertion F(3,15) p 20-mm insertion F(3,15) p
4 channel 18.53 <0.001 4 channel 6.87 <0.01
8 channel 66.88 <0.001 8 channel 8.76 <0.01
16 channel 256.22 <0.001 16 channel 13.91 <0.001
Expansion at Compression at
25-mm insertion F(3,15) p 25-mm insertion F(3,15) p
4 channel 11.64 <0.001 4 channel 4.29 <0.05
8 channel 147.89 <0.001 8 channel 3.59 <0.05
16 channel 233.12 <0.001 16 channel 22.17 <0.001

J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003

D. Baskent and R. Shannon: Frequency-place compression and expansion

2073



control for these factors by making the measurements iimportant speech information, and too wide a bandwidth
normal-hearing listeners, in whom the actual stimulation lo-would increase the frequency range of each band, reducing
cations can be controlled, at least within the constraints othe relative resolution. Consider the baseline conditions
the normal acoustic spread of excitation. Due to these unceffilled symbols in Figs. 2—0 In these conditions the analysis
tainties, the optimal frequency-place alignment in an implanbands were always matched in frequency to the carrier
patient might best be determined functionally, by adjustingbands, while the number of bands was held constant. For the
the frequency range and distribution across the implanted6-band conditions, a larger bandwidth generally produced
electrode array to achieve the best performance. A simplbetter performance whereas for 8 bands the performance was
optimizing algorithm, paired with a sensitive phonetic con-generally unchanged as the overall bandwidth was increased
trast test, could provide an efficient method for convergingrelative to the standard matched conditi@mm). However,
on an optimal frequency-place mapping for an individualwhen there were only 4 bands of spectral resolution avail-
patient, without the costs and risks of x rays and CT scansable, there was a complex interaction between the bandwidth
The present results may help to define the inherent trade-offsnd spectral resolution. In many cases, performance dropped
between electrode depth, number of electrodes, and frdsoth when the bandwidth was increased, and decreased rela-
guency range. tive to the standard matched condition. As bandwidth de-

Another uncertainty comes from anatomical and geo-<reased the relative spectral resolution increased, but this
metrical issues regarding the stimulation of deeper turns ofvas not sufficient to offset the loss of information. As band-
the cochlea. Electrodes in cochlear implants do not alwaysvidth increased the additional spectral information was off-
reside between 9 and 25 mm or between 4 and 20 mm insidget by the loss of relative spectral resolutieng., Figs. 6, 8,
the round window, the two conditions simulated in this study.and 9: compare 4-channel 0-mm afdb-mm baseline con-
The latest generation of ClI electrodes, such as Clarion HiFaditions), resulting in poorer performance in spite of the larger
cus, Nucleus Contour, or Med-ElI Combi#0offers deeper bandwidth.
insertion, possibly up to 30 mm. Even though these specially An expansion in the frequency-place mapping could
designed electrodes make it possible to reach more apic#heoretically improve speech recognition by spreading out
locations inside the cochlea, it is unknown if it is possible tothe critical speech spectral region to a larger range in the
stimulate the spiral ganglia corresponding to low frequen-cochlea. Echolocating animals have evolved such a strategy
cies. Cell bodies of the spiral ganglia from the apical turn ofto provide better tonotopic resolution in the small frequency
the cochlea are located in the modiolus of the cochlearegion of their echo signal. However, in the present study
middle turn, and so are physicallgnd presumably electri- such expansion conditions mostly resulted in poorer speech
cally) closer to electrodes in the middle turn than to the me+ecognition. The only exception was for the 4-channel pro-
dial wall of the cochlea in the apical turn. Studies of pitchcessor with a 25-mm simulated insertion depth. This was
have shown little change in pitch with electrode location forlikely due to an artifact of band edge placement: the 0-mm
electrodes that were deeply inserted into the apical turn, sugondition contained no band division in between 999 and
gesting that there may be a point of diminishing returns in1843 Hz(see Table I, while the —5-mm expansion condi-
terms of electrode insertion deptGohenet al, 1996. And,  tion contained a band division at 1472 Hz, which is an im-
even with the new electrode designs, the array cannot alwaysortant frequency for distinguishing high from low second
be fully inserted due to cochlear ossification or otosclerosistormant frequencies. In this particular condition, the contri-
Thus, the actual location of the implanted electrode is diffi-bution from this better frequency partition might have com-
cult to determine accurately, and the location of the neuronpensated for the loss of bandwidth. With a limited number of
actually stimulated by each electrode adds a further layer dbands, the placement of the frequency divisions appears to
uncertainty. be more important than the overall frequency range. Alterna-

New studies are presently being conducted in patientsively, the slight improvement in performance in the expan-
with substantial residual hearing, where the electrode array ision condition could be due to the improved resolution in
only shallowly inserted in an attempt to preserve any residuathis condition. The small frequency range of 1168—-2864 Hz
acoustic hearing. In these special cases it may be particularlyas represented across a larger cochlear region that would
important to assign the appropriate frequency-place maphave normally responded to a range of 513-5860 Hz. This
ping, because the electrically stimulated hearing must comexpansive mapping may have helped recognition by stimu-
bine with residual acoustic hearing. Indeed, preliminary redating a larger neural population with information from the
sults(Turner and Gantz, 2001; Briéit al., 2001 suggest that smaller frequency range. Whichever explanation is correct
combined electric and acoustic hearing is best when the ele¢better band partition or expanded representattbe same
trodes in the basal turn receive high-frequency informatioreffects were not observed with more than 4 bands.
that is matched to their tonotopic location.

C. Potential effects of learning

B. Trade-off between spectral resolution and overall

bandwidth One aspect of speech pattern recognition not addressed

by the present study is the potential effect of learning. Recent
Some of the present results indicate a trade-off betweework has demonstrated that NH subjects listening to simula-
spectral resolutioinumber of bandsand overall bandwidth. tions of cochlear implants can improve their scores on
For a given number of bands there may be an optimaspeech recognition with only a modest amount of practice
bandwidth—too small a bandwidth would discard too much(Rosenet al,, 1999. Rosenet al. used noise-band vocoders
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in which the frequency-place mapping was shifted basally by Effect of frequency/place distortion on vowel recognition
as much as 6.5 mm. Listeners improved significantly in their Original fi/ -

ability to recognize phonemes and words with these shifted 9 100%
representations after only a few hours of training. However, .
their performance after this limited amount of training was > mTI Alp'cal
still far poorer than their recognition with the unshifted ole

speech. It is not clear if further training would allow com- 3-Band Noise ’7_\_,—\
~
—

50%

46%

plete recovery of performance to the unshifted levels. Fu
et al. (2002 measured speech recognition in three cochlear

implant listeners after a 3-mm apical shift in the frequency- Expanded x1.6

to-electrode assignments. Initially, speech recognition was

reduced dramatically. After 10 days of everyday experience ComPressed x0.6 —;\/’\4— 57%
with the shifted map there was a significant improvement in 60

recognition, but then only little further improvement was ob- 5 mm Basal g “i /_\/\M_\ 44%
served over the next 3 months. This result suggests that ther Shift Zz =

may be a limit to the amount of possible relearning. It is not B e Lo hion o Lo Base)

clear if listeners would be able to adapt to a frequency-place _ . o
compression or expansion over time. In the present experF—_'G- 10. A review of various _fr(_aquency-place dlstortlon_s on vowel recog-

. .. hition. The top curve is the original spectral representation of the vaivel /
ments the empha5|s was SOler on speech pattern recognm%n)tted in terms of cochlear distance. The second curve shows the same
with no practice or time for accommodation. vowel with a 5-mm apical hole. Next is the vowel represented by a 3-band
noise vocoder. The fourth curve is the frequency-place expansion with an
expansion factor of 1.610-mm extent expanded to 16 myfollowed by the
frequency-place compression with a compression factor ofZ66mm ex-

The present results illustrate the limitations of centraltent compressed to 16_njn1:inally, the bottom curve shows the spectrum of
pattern recognition mechanisms for speech, which may proa_ln f/ that has been shifted by 5 mm basally in the cochlea.
vide insights into the critical parameters of the pattern stor-
age and retrieval process of central nervous system. Eves0% correct. These representations will be altered as they are
though it is known that the patients adapt over time andprocessed by the cochlea and the central nervous system, but
improve their understanding of speech, it is still unclear howfor simplicity they are shown here by their physical spectral
much plasticity exists in these central nervous systentepresentation in terms of distance along the cochlea. The top
mechanisms and whether the ability to accommodate tourve shows the original spectrum of the vowiélpresented
some types of alteration®.g., frequency-place shifmight in terms of mm along the cochlea. In this undistorted repre-
be easier than other types of alteratiofesg., nonlinear sentation listeners will generally be able to identify 12 vow-
frequency-place distortion els at nearly 100% correct, even with multiple talkers and

The pattern of results observed in the present experiwith the spectral resolution reduced to 16 channels. The sec-
ment, when combined with previous results on frequencyond curve shows the same vowel in which spectral informa-
place shifting(Fu and Shannon, 1999; Dormahal, 1997, tion has been removed to create a 5-mm hole in the apical
warping (Shannonet al, 1998, and frequency lowering spectral region, resulting in a drop to 50%-correct recogni-
(Braidaet al., 1979; Reedkt al,, 1983 suggests that the cen- tion (Shannoret al, 200J). The third curve shows the vowel
tral pattern recognition of speech is not stored in terms of amepresented by a three-band noise vocoder, which allows
abstract pattern, but in terms of an absolute pattern. Speed6% correct on multitalker vowel recognitiofFu et al.,
recognition in healthy acoustic hearing can tolerate a small998. The fourth curve shows the effect of a frequency-
degree of distortion in this frequency-place pattern, probablylace expansion by a factor of 1.6, which results in 54%-
to accommodate the natural range of variation in real-worlccorrect vowel recognition with 16 bands-3-mm condition
listening conditions, e.g., differences in the gender of thérom Fig. 7). The fifth curve shows the effect of frequency-
talkers, talking speeds and styles, and different amounts gflace compression by a factor of 0.6, which results in 57%-
masking and interference in the listening environment. Theorrect recognition £ 5-mm condition from Fig. ¥. And,
results of the present study, combined with the results ofthe bottom curve shows the spectrum of #rthat has been
previous studies on frequency-place distortions, suggest thahifted 5 mm basally in the cochlea, resulting in 44%-correct
speech patterns can tolerate only a relatively small amount ofowel recognition(from Fu and Shannon, 1989This com-
distortion (2—3 mm) in tonotopic space. If the peripheral parison suggests that the central pattern recognition mecha-
representation of the pattern of speech information is shiftechisms are sensitive to the absolute tonotopic location of the
warped, expanded, or compressed beyond this tolerated coechlear pattern. If the frequency-place information is in the
chlear distance of 2—3 mm, speech recognition will be sigcorrect location, the central pattern recognition can tolerate
nificantly reduced.(lt should be noted that none of these the loss of a full octave of spectral information in the critical
studies gave the subjects the opportunity to adapt to the disew-frequency region, or an extreme loss of spectral
torted mappings. resolution—down to three bands. However, if the pattern is

Figure 10 presents a schematic representation of a vowelistorted by a frequency-place shift or compression or expan-
spectrum and the various types of distortion that result in a&ion, then speech recognition is impaired even with good
reduction in multitalker vowel recognition to approximately spectral resolution. In terms of cochlear implants, even

D. Implications for speech pattern recognition
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frequgncy-plgce mappmg. . . . Greenwood, D. D(1990. g\ cochlear frequency—positizc')n function for sev-
It is possible that distortion in frequency-place mapping eral species—29 years later,” J. Acoust. Soc. /8, 2592—2605.
is responsible for at least part of the variability in perfor- Gstoettner, W., Franz, P., Hamzavi, J., Plenk, H., Baumgartner, W., and
mance across |mp|ant patients_ If this is the case, then adjust_CZel'ny, C.(1999. “Intracochlear position of cochlear implant elec-

- frodes,” Acta Otolaryngol(Stockh 119 229-33.
ments to the speech processor to produce a better match |”enbrand‘ 3. Getty, L. Clark, M.. and Wheeler, K.995. “Acoustic
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